Background. Mycoplasma genitalium is an emerging sexually transmitted pathogen implicated in inflammatory syndromes of the female reproductive tract. The objective of this study was to investigate human immunodeficiency virus (HIV)-infected women for an association between M. genitalium and cervicitis, a putative mechanism for enhanced HIV transmission efficiency to an uninfected partner.
Mycoplasma genitalium is a prevalent and emerging etiologic agent of inflammatory sexually transmitted diseases of the female urogenital tract, including cervicitis, pelvic inflammatory disease, and tubal factor infertility [1] [2] [3] . The recent 2015 meta-analysis by Manhart et al showed a significant association between M. genitalium and cervicitis, regardless of the clinical definition used, which increased after controlling for coinfections ( pooled odds ratio [OR], 1.99; 95% confidence interval [CI], 1.39-2.84) [1] . Although cervicitis is a relatively common clinical finding (prevalence, up to 41%) in women at high risk for sexually transmitted infections (STIs) [4] , it is detectable only during pelvic examination, by the presence of mucopurulent cervical discharge and/or easily induced bleeding after sample collection. Despite the prevalence of this syndrome, our understanding of cervicitis is lacking in terms of its basic pathophysiological characteristics as a disease syndrome and whether it is a risk factor for HIV transmission. The objective of the current study was to evaluate HIV-infected women to define whether M. genitalium infection elicits cervical inflammation, a putative mechanism for enhanced HIV transmission to a sex partner.
Both clinical and basic experimental evidence support the aforementioned epidemiological implications of M. genitalium as an inflammatory pathogen of the cervix. First, both acute [5] [6] [7] and chronic [8] M. genitalium infection elicits the robust secretion of several potent proinflammatory cytokines. As the first line of defense against invading pathogens, the epithelium serves as a physical barrier and is charged with signaling the early innate immune responses following pathogen insult. For M. genitalium infections, this epithelial cell response has been shown to include several potent chemokines [5] [6] [7] [8] , including interleukin 8 (IL-8), and leads to marked signs of cervical leukocytosis in cervical specimens [9] . Collectively, these observations largely corroborate and provide mechanistic insight into the epidemiological associations of M. genitalium infection with microscopic signs of cervicitis measured on Gram stains of endocervical swab specimens [3] .
The cervix is also a common and well-documented site of HIV transmission, where M. genitalium infection has been shown to increase the frequency of HIV shedding [10] . In a study of heterosexual US couples, Perez et al showed that M. genitalium seropositivity was more common among HIVseroconcordant couples, compared with HIV-serodiscordant couples (OR, 3.44; 95% CI, 1.68-7.04), suggesting that M. genitalium is a risk factor for HIV transmission [11] . Next, a 2008 study showed that HIV-positive Kenyan women coinfected with M. genitalium, specifically those with a high organism burden, were more likely to test positive for HIV-1 DNA in cervical swab specimens [10] . Similarly, and in the only longitudinal analysis to date, M. genitalium infection was positively associated with HIV-1 RNA detection in cervical swab specimens (OR, 2.67; 95% CI, .99-7.20) [12] . A cross-sectional study of antiretroviral therapy (ART)-adherent New Orleans women [13] failed to find a similar association between M. genitalium infection and HIV shedding (OR, 0.39; 95% CI, .31-2.79), suggesting that ART may mitigate this effect. Nonetheless, M. genitalium coinfection is extremely common among HIV-infected adults ( prevalence, 11%-33%) [14] , and substantial rationale exists for the mechanistic investigation of M. genitalium as a risk factor for HIV transmission.
MATERIALS AND METHODS

Subject Enrollment and Specimen Collection
A retrospective cohort study approved by the Louisiana State University (LSU) Health Sciences Center Institutional Review Board and the Research Review Committee of the Interim LSU Hospital in New Orleans. The subjects included in this study originally consented to participate and enrolled in a cervical health study directed by Dr Michael Hagensee (Section of Infectious Diseases, Department of Medicine, LSU Health Sciences Center). Briefly, 109 HIV-infected, ART-adherent women were enrolled at the HIV Outpatient Program clinic in New Orleans, Louisiana, between 2009 and 2014 and asked to return at 3-month intervals, when they underwent physical and pelvic examinations.
At each visit, 4 types of specimens were collected, in the following order. First, a cervical broom or spatula/cytobrush was collected into ThinPrep PreservCyt, for conventional Papanicolaou smear. Second, a single vaginal and endocervical swab specimen was collected for DNA purification. Third, a cervicovaginal lavage (CVL) specimen was collected by repeated irrigation of the external cervical os. CVL specimens were centrifuged at 2500 x g (at 4°C for 8 minutes). Supernatants were filtered through a 0.5-µM membrane and then frozen in aliquots at −80°C. Fourth, a peripheral blood specimen was obtained to quantify circulating CD4 + T cells (using the FC500 flow cytometer; Beckman Coulter, Pasadena, California) and the plasma HIV load (using the Cobas AmpliPrep/Cobas TaqMan HIV-1 Test, v2.0; Roche Diagnostics, Indianapolis, Indiana). Urine specimens were obtained for Chlamydia trachomatis and Neisseria gonorrhoeae testing once annually as described below. Subjects were referred for colposcopy and cervical biopsy/curettage as indicated.
Nucleic Acid Amplification Tests (NAATs) for STI Detection
To detect and enumerate M. genitalium and T. vaginalis organisms, DNA was purified from endocervical swab specimens collected at each visit (using the DNeasy Blood and Tissue Kit; Qiagen, Valencia, California) and used in real-time quantitative polymerase chain reaction (PCR) assays as described previously [9] . PCR was performed using the Cobas Z480 analyzer with User Defined Workflow software (Roche Diagnostics; Indianapolis, Indiana). Human papillomavirus (HPV) was detected by conventional PCR, using the PGMY09/11 L1 consensus primers, and then genotyped using the reverse line blot assay (Roche Diagnostics). High-risk (HR) HPV types 16, 18, 31, 33, 35, 39, 45 , 51, 52, 56, 58, 59, 66, and 68 were included in the screening test; HPV16 and 18 were categorized separately from the other HR types. HIV proviral DNA was quantified from DNA in endocervical swab specimens as described previously [15] . C. trachomatis and N. gonorrhoeae testing was performed once annually (with the Hologic APTIMA Combo 2 test; Hologic, Bedford, Massachusetts), using urine specimens. Herpes simplex virus type 2 testing was performed on DNA extracted from selected ThinPrep PreservCyt specimens, using a PCR assay targeting the gene encoding glycoprotein B [16] . The presence of Epstein-Barr Virus (EBV) DNA in endocervical swab specimens was determined by PCR amplification of the EBNA1 gene, as described previously [17] .
Cervical Leukocyte and Secreted Cytokine Quantification
Leukocytes were quantified from ThinPrep PreservCyt specimens as described previously [9] . First, we performed a composite analysis of all 16 subjects positive for M. genitalium, regardless of the duration of infection, and then compared their leukocyte to epithelial cell ratios to those from a randomly selected subset of 22 subjects in the cohort who never tested positive in the study. Longitudinal analyses were performed similarly for 3 subjects chronically infected with M. genitalium, which was defined by M. genitalium-positive NAAT results for at least 4 consecutive endocervical swab specimens, corresponding to an infection duration of at least 1 year. Secreted cytokines were quantified in CVL specimens from a subset of specimens (n = 18) from M. genitalium-positive subjects and a subset (n = 22) from M. genitalium-negative subjects, using cytometric bead arrays as detailed in the Supplementary Data. Statistical comparisons were conducted using the Student t-test (GraphPad Prism, version 6.0d; La Jolla, California).
Cervical Histological and Immunohistochemical Analyses
Paraffin-embedded endocervical curettage specimens were used for histological analyses, using standard hematoxylin and eosin staining, and for immunohistochemical (IHC) analysis. For IHC analysis, antigen retrieval was performed for all probed antigens, using a decloaking chamber (Biocare Medical; Concord, California) with the exception of neutrophil-elastase IHC analysis, in which slides were deparaffinized with xylene and ethanol. Tissue sections were incubated overnight at 4°C with antibodies specific for the following cellular antigens: CD3, CD8, and CD68 (Biocare Medical); CD4 (Abcam, Cambridge, United Kingdom); and neutrophil-elastase (Dako North America, Carpinteria, California). Species-specific negative control antibodies (Biocare Medical) were processed in parallel for each antigen. The open-source image analysis software ImmunoRatio (version 1.0c) was used for quantification of a DAB-positive signal from tissue sections, enabling a quantitative comparison of immunostaining results. Statistical analyses were conducted using the Student t test (GraphPad Prism, version 6.0d).
RESULTS
Cohort Demographics and STIs
The cohort (n = 109) consisted predominately of black women (88.1%), and the median age was 42 years (range, 22-65 years) at enrollment; neither age nor race differed significantly relative to M. genitalium infection status ( Table 1 ). All women were either receiving ART at enrollment or had therapy initiated at the enrollment visit. No significant differences were observed among the tested parameters between M. genitalium-positive and -negative subjects at enrollment, except EBV infection was more common among M. genitalium-positive subjects (P = .03; Table 1 ).
M. genitalium-positive subjects had a reduced mean CD4 + T-cell count and increased median viral load as compared to those testing negative, but the difference for each measure was not statistically significant. Approximately half of the subjects had an abnormal Papanicolaou smear (defined as detection of atypical squamous cells of undetermined significance or worse), likely reflective of the HR-HPV prevalence of 84% and age of the cohort. The prevalence of cervical T. vaginalis infection at enrollment was 14.1%. No prevalent or incident C. trachomatis or N. gonorrhoeae infections were identified. The incidence rate for M. genitalium infections was 80.2 cases per 1000 persons per year. Over the duration of the study, 3 subjects were identified as chronically infected with M. genitalium, defined as testing positive during at least 4 consecutive visits (>1 year). HPV prevalence is also detailed in Table 1 . The mean M. genitalium load (±SD) in chronically infected subjects (3.5 × 10 4 ± 1.9 × 10 4 DNA copies per swab) was significantly higher than in subjects infected for <1 year (1.3 × 10 4 ± 6.8 × 10 3 ; P = .01, by the Wilcoxon rank sum test).
One subject chronically infected with M. genitalium (subject 3) had a history of genital herpes and was not excluded from the study, because she was receiving acyclovir (400 mg twice daily) for the duration of the study, had no visible lesions on physical examination, and had negative results of all HSV1/2 NAATs for 13 liquid cytology specimens collected over 3.5 years (data not shown). Of subjects with available DNA for HIV provirus quantification, cervical HIV DNA was detected during 2 of 16 visits (12.5%) among M. genitalium-positive subjects, compared with 12 of 288 visits (4.2%) among subjects never testing positive for M. genitalium (P = .12, by the z test).
M. genitalium Infection Was Associated With Inflammatory Cervicovaginal Secretions
Among a panel of 49 different cytokines and chemokines, the levels of several proinflammatory cytokines were significantly higher in cervical secretions from 3 women with chronic M. genitalium infection (18 visits), compared with 4 subjects who never tested positive (22 visits). Specifically, interleukin 1β (IL-1β), IL-6, IL-8, monocyte chemotactic protein (MCP-2), and macrophage-derived chemokine (MDC) levels were significantly higher in M. genitalium-positive women (selected analytes are shown in Figure 1 ; P < .05, by the Student t test).
Levels of several of the tested analytes were either below the below the lower limit of quantification (LLQ), the LLQ defined in the package insert was used for statistical comparisons.
limit of detection or not significantly different between any comparison groups; the complete data set for this analysis is presented in Supplementary Table 1 . Cytokine values normalized to total protein level quantified from CVL specimens directly were not significantly different than raw cytokine values (comparative data not shown). Therefore, raw cytokine values are presented and were used for statistical analyses. In contrast to women with chronic infection, secreted cytokine levels in women who tested positive for M. genitalium at only a single or 2 consecutive visits were not significantly different than levels for M. genitalium-negative subjects (data not shown; P > .05).
Cure of Chronic M. genitalium Infection Ablated Cervical Inflammation
We next sought to quantify cytological and histological signs of cervical inflammation. In a composite analysis, women who were chronically infected with M. genitalium had significantly higher leukocyte to epithelial cell (EC) ratios at those visits as compared to women who never tested positive (Figure 2 ). Analysis of individual chronically infected subjects showed that leukocyte counts were, on most M. genitalium-positive visits, significantly elevated relative to those in women who never tested positive (P < .0001, by analysis of variance; Figure 2 ). Cervical inflammation in the liquid cytology specimen from subject 2 appeared to be ablated several months before M. genitalium cure ( Figure 2C ), which may be explained by aggressive treatment of a low-grade cervical lesion during the 3 visits immediately prior to M. genitalium cure. Direct epithelial cell counts during these 3 visits were approximately 16-fold higher than those at the visits before and after this aggressive management, which likely skewed the ratio of leukocytes to epithelial cells. All 3 chronically infected women were cured of M. genitalium infection during the study: subject 1 was cured after receipt of ciprofloxacin treatment for management of an unrelated postsurgical pelvic hematoma; no antibiotic dose was noted for subjects 2 and 3, and therefore it is possible that these subjects received antibiotic therapy from another clinical setting or spontaneously cleared the infection. Nonetheless, cure of M. genitalium reduced cytological signs of inflammation to baseline levels measured at least 3 months after the last positive NAAT result (Figure 2 ). Despite the retrospective nature of the study, we identified curettage specimens collected before and after cure of M. genitalium infection from 2 subjects chronically infected with M. genitalium (subjects 1 and 3). For both subjects, marked increases in infiltrating leukocyte counts were observed in specimens collected at the visit in which M. genitalium infection was present, compared with the specimens collected after cure, which lacked signs of leukocytosis (data not shown). As representative results, IHC micrographs from subject 3 are shown in Figure 3 , with quantitative results for both subjects presented in Figure 4 . By targeting elastase via IHC analysis, we observed neutrophil infiltrates in the M. genitalium-positive curettage specimens that were significantly increased relative to levels in the M. genitalium-negative, postcure specimen from both of the chronically infected women (P < .05, by the Student t test; Figure 4) . Significant increases in CD68 + monocyte/macrophage infiltrates were observed in endocervical curettage specimens obtained during chronic M. genitalium infection (P < .05; Figure 4) ; a statistically significant difference was observed for subject 1. In contrast, T-lymphocyte (CD3 + , CD4 + , and CD8 + ) levels were very low; significant differences are noted in Figure 4 (P > .05).
DISCUSSION
With a prevalence of 7.4% (7 of 95 women), M. genitalium infections were expectedly more common in this cohort of HIVinfected, ART-adherent women than observed in our 2014 study of low-risk Louisiana women (1.5%) [9] but had similar prevalence to that in other cross-sectional studies of high-risk populations [14] . The prevalence was slightly lower than that (9.9%) observed previously in 324 patients from the same outpatient clinic from 2002 to 2005 [13] , although vaginal swab specimens and a different testing platform were used in the earlier study and may account for this difference. Importantly, chronic infections (duration, >12 months) were identified in 3 subjects (3.2%) in the current study and collectively substantiate that M. genitalium remains a common coinfection in HIVinfected women, particularly considering the extraordinary level of care these patients receive (4 examinations per year) and routine use of macrolide antibiotics. In univariate analyses of the cohort demographic characteristics, HIV-related outcomes, and cervical coinfections, only the detection of EBV DNA in the cervix was significantly associated with M. genitalium infection. We hypothesize this enhanced EBV detection frequency is due to EBV-infected B-lymphocyte trafficking to the cervix in the context of chronic inflammation. Our findings of inflammation corroborate previous clinical [1, 2, 4, 9, 18] and experimental [6] [7] [8] evidence implicating M. genitalium as a cause of cervicitis. Observations in the current study extend these findings to HIV-infected women and, based on the profile of the cytokine response, support the hypothesis that epithelial cells play an important role in initiating the response to infection, including coordinating leukocyte recruitment. Importantly, several studies have implicated IL-6, IL-8, and/or IL-1β as markers or predictors of increased HIV shedding from female reproductive tract tissues [19] [20] [21] , with levels of all increased during chronic M. genitalium coinfection in our cohort, and they may also enhance HIV transmission to an uninfected partner [22] . The observed inflammatory response in our HIV-infected cohort was only increased in women chronically coinfected with M. genitalium, suggesting that longer-term infection may be necessary to elicit or detect the response in CVL specimens.
Mucosal inflammation, including the secretion of proinflammatory cytokines and leukocytic infiltrates, collectively has been shown to exacerbate HIV disease progression and/or transmission of HIV to a sex partner [19, 21, [23] [24] [25] . For instance, proinflammatory cytokines are secreted following activation of the NF-κB protein complex in multiple cell types, including infiltrating leukocytes, and can act in a paracrine manner to directly activate NF-κB in neighboring cells. NF-κB has been shown previously to bind the long terminal repeat region of latent HIV particles, resulting in enhanced virus replication [26, 27] . In the current study, we observed elevated levels of several cytokines implicated in enhanced HIV replication and shedding, providing some mechanistic support for M. genitalium′s role in HIV shedding [10] . In addition, a study by Totten et al has shown that the M. genitalium organism burden may correlate with HIV shedding intensity [10] . The mean organism burden in our New Orleans women with chronic M. genitalium coinfection was approximately 3 times higher than that in cohort subjects who were infected for <1 year, suggesting that a high organism burden may be related to chronicity of infection and intensity of the host response. We intermittently detected HIV proviral DNA in cervical swab specimens, likely because these women were adherent to ART and had low circulating HIV loads, so we are unable to make conclusions about HIV shedding intensity or frequency from this study.
Similar to our previous study of low-risk Louisiana women [9] , we found significant increases in cervical leukocyte count in women infected with M. genitalium. Interestingly, the baseline ratio of leukocytes to ECs was lower in the HIV-infected cohort as compared to the low-risk group, but the approximately 3-fold increase in leukocyte count was similar in both groups. Longitudinal analyses of HIV-infected individuals with chronic M. genitalium coinfection showed cytological and histological evidence of leukocyte infiltration that was ablated after M. genitalium cure. Although it was not possible to control for all potentially inherent confounders in this retrospective analysis, these results are compelling indicators that treatment of M. genitalium eliminates the associated cervicitis-an important outcome, considering that cervicitis is associated with HIV shedding [20, 21, 28] .
The role of cervicitis-associated enhancement of HIV transmission is likely heavily dependent on which cell types are involved in the immune response to M. genitalium infection. Using IHC analysis, we found neutrophils to be the primary constituent of the cellular infiltrate, as suggested initially by the increased secretion of IL-8 in CVL specimens. Activated neutrophils are known to release oxidants and hydrolytic enzymes; although this is an important antibacterial mechanism, chronic exposure can also lead directly to tissue damage [29, 30] and may enhance transmission of HIV. In addition, neutrophils release proinflammatory cytokines, which perpetuate local inflammatory responses leading to enrichment of both HIVinfected and naive target cells to potentially enhance local HIV replication [31] and/or transmission to an uninfected partner. Our observation of CD68( + ) monocyte/macrophage enrichment during chronic M. genitalium infection indicates that M. genitalium infection results in HIV target cell recruitment to the cervical mucosa. In contrast, T cells from endocervical curettage specimens, overall, were very low in abundance, irrespective of M. genitalium infection status, which was somewhat surprising considering that T cells are known to be a common constituent of the endocervix [31, 32] . Together, the findings in this study corroborate M. genitalium as an etiologic agent of cervicitis and extend these observations to HIV-infected women. The biggest limitation to this study is the relatively small number of subjects with chronic M. genitalium infection (n = 3), and therefore substantiation of these conclusions in a larger cohort is warranted. However, the overall prevalence of M. genitalium (7.4%) in this cohort of HIV-infected women is of particular concern because macrolide resistance is rapidly emerging [33] and because undiagnosed/untreated infections may potentiate the spread of HIV in populations at high risk of acquiring STIs. Considering the expanding body of evidence linking M. genitalium with inflammation and HIV acquisition or transmission, screening and treatment of HIV-infected individuals may be a priority in advance of large-scale programmatic screening in the United States.
Supplementary Data
Supplementary materials are available at http://jid.oxfordjournals.org. Consisting of data provided by the author to benefit the reader, the posted materials are not copyedited and are the sole responsibility of the author, so questions or comments should be addressed to the author. Figure 4 . Quantitative comparison of leukocytic infiltrates during chronic Mycoplasma genitalium infection and after cure. Immunohistochemical findings for neutrophils (elastase), monocytes/macrophages (CD68), and T cells (CD3 + , CD4 + , and CD8 + ) in endocervical curettage specimens were quantitatively analyzed for 2 chronically infected subjects (subjects 1 and 3). The 3,3′-diaminobenzidine (DAB) signal was compared between curettage specimens obtained while chronically infected with M. genitalium and following cure. Results are expressed as the DAB signal per total nuclear area (TNA) in 5 high-powered microscope fields. P < .05, by the Student t test, compared with after cure.
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